Some viruses of Archaea use an unusual egress mechanism that involves the formation of virus-associated pyramids (VAPs) on the host cell surface. At the end of the infection cycle, these structures open outward and create apertures through which mature virions escape from the cell. Here we describe in detail the structure and composition of VAPs formed by the Sulfolobus islandicus rodshaped virus 2 (SIRV2) in cells of its hyperthermophilic archaeal host. We show that the VAPs are stable and autonomous assemblies that can be isolated from membranes of infected cells and purified without affecting their structure. The purified VAPs are heterogeneous in size, reflecting the dynamics of VAP development in a population of infected cells; however, they have a uniform geometry, consisting of seven isosceles triangular faces forming a baseless pyramid. Biochemical and immunoelectron microscopy analyses revealed that the 10-kDa P98 protein encoded by the SIRV2 virus is the sole component of the VAPs. The VAPs were produced in Sulfolobus acidocaldarius and Escherichia coli by heterologous expression of the SIRV2-P98 gene. The results confirm that P98 is the only constituent of the VAPs and demonstrate that no other viral protein is involved in the assembly of pyramids. P98 was able to produce stable structures under conditions ranging from moderate to extremely high temperatures (80°C) and from neutral to extremely acidic pH (pH 2), demonstrating another remarkable property of this exceptional viral protein.
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hyperthermophile | lysis | virion release | sevenfold symmetry T he vast majority of known archaeal viruses carry doublestranded DNA genomes and differ morphologically from double-stranded DNA viruses of the two other domains of life, Bacteria and Eukarya; an exception are archaeal head-and-tail viruses, which are related to the bacterial Caudivirales (1). The genomes of the majority of archaeal viruses are unique as well. The functions of more than 90% of putative genes cannot be identified due to the lack of homologs in the extant databases (1) and limited knowledge of the biology of archaeal viruses. Archaeal viral cycles can have unusual features, as demonstrated by the recent discovery of a unique virion release mechanism exploited by the Sulfolobus islandicus rod-shaped virus 2 (SIRV2) (2) and the Sulfolobus turreted icosahedral virus (STIV) (3).
Among archaeal viruses, SIRV2 and STIV are studied best with respect to host cell interactions. Both are lytic viruses, and SIRV2 causes massive degradation of the host chromosome. Virion assembly takes place in the cytoplasm and coincides with the appearance of numerous prominent virus-associated pyramids (VAPs) on the host cell surface, which point outward and rupture the S-layer. Shortly after their formation, VAPs open to the outside and create large apertures through which virions escape from the cell (2, 3) .
The discovery of this unique virion release system has raised questions regarding the nature of the VAPs and the mechanism of their formation. Here we report the isolation and purification of the VAPs formed by SIRV2 in S. islandicus. We provide a detailed characterization of the morphology and constituents of the VAP and show that it is an individual stable structure formed by multiple copies of a single 10-kDa virus-encoded protein. We also report the production of VAPs in Sulfolobus acidocaldarius and Escherichia coli by heterologous expression of the corresponding viral gene.
Results VAP Isolation. The shapes of the VAPs reportedly found on the surface of SIRV2-infected S. islandicus cells (2) suggest that the VAPs might represent individual structures. To test this hypothesis, we analyzed the membrane fraction of infected cells that were disrupted using a French press. Using transmission electron microscopy, we observed numerous individual particles with pyramidal shapes and heptagonal bases (SI Appendix, Fig. S1 ). The resemblance to the shapes of VAPs observed in vivo (SI Appendix, Fig. S2 ) supports the idea that VAPs are autonomous structures. We isolated the particles using antibodies against protein 98 (P98) encoded by SIRV2, which we had previously postulated to be a constituent of the VAPs (4). Polyclonal antibodies were fused to magnetic beads and used to bind VAPs in crude membrane extracts of infected cells collected at 10 h postinfection (hpi), which corresponds to the start of virion release. As we expected, it was indeed possible to precipitate and purify the VAPs in this manner. In the purified preparation, no structures other than VAPs were observed, except for a small proportion of S-layer fragments from the host cells. Moreover, the majority of the isolated structures appeared to be intact and similar in shape to the VAPs on the surface of the infected cells (2) (Fig. 1 A and B and SI Appendix, Fig. S2A ). The intact purified VAPs could be observed either from the top, which revealed the sevenfold rotational symmetry of the structure (Fig. 1A) , or from the side, in which case only three or four of the seven triangular faces of the VAPs were visible (Fig.  1B) . In the purified preparation, along with the intact VAPs, single triangular subunits also were detached from the structure (Fig.  1C) . In addition, a small proportion of the VAPs were present in an "open" conformation ( Fig. 1 D and E) . Characteristically, in the latter case, the seven faces of the VAPs were not strictly triangular, but rather were slightly curved ( Fig. 1 D and E) , resembling the structure of the VAP in vivo after opening (Fig. S2B) . To exclude the possibility that this curvature was an artifact of sample preparation for negative staining, we examined the VAPs using cryo-EM. The faces of the open VAPs that were fixed in vitreous ice were curved as well ( Fig. 2A) . The VAPs were best observed from the top, which revealed their heterogeneous diameters (Fig. 2B ).
Author contributions: T.E.F.Q., S.-V.A., and D.P. designed research; T.E.F.Q., S.L., J.R., G.P.-A., and M.-C.P. performed research; T.E.F.Q., S.L., J.R., G.P.-A., M.-C.P., P.F., S.-V.A., and D.P. analyzed data; and T.E.F.Q. and D.P. wrote the paper. VAP Constituents. The ability to isolate intact VAPs allowed us to study their constituents. We analyzed the protein composition of the VAPs by SDS/PAGE, followed by SYPRO Ruby staining (Fig. 3A) . The three visible bands in the purified VAP preparation were identified by matrix-assisted laser desorption/ionization time-of-light mass spectrometry (MS) and MS/MS analyses. The two larger proteins represented the light and heavy chains of the anti-P98 antibody used to purify the VAPs. The smallest protein (∼10 kDa) was identified as the product of SIRV2-ORF98 (NCBI RefSeq ID: NP_666583) (Fig. 3A) .
To test the presence of phospholipids in the purified VAPs, we stained a duplicate of the gel shown in Fig. 3A with Sudan Black (Fig. 3B) . We found phospholipids in the membrane fraction and the first two washes of the precipitate, but not in the purified VAP preparation.
Immunolabeling of VAPs. We verified the localization of SIRV2-P98 in the VAPs by immunoelectron microscopy using polyclonal P98 antibodies and 10-nm protein A-gold particles (Fig.  4) . The purified VAPs were labeled evenly across the structure, with no concentration of the label in a particular area (Fig. 4 A-C). As a control, we performed similar labeling on a crude membrane fraction of infected cells that contained fragments of S-layers, membranes, and virions in addition to VAPs. In this case, only VAPs were specifically labeled. Another control was performed by labeling purified VAPs with preimmune serum and 10-nm protein A-gold particles; in this case, very low background labeling was observed (Fig. S3A) .
We also confirmed the specific localization of P98 in the VAPs in S. islandicus cells infected with SIRV2 at 10 hpi. Thawed ultrathin cryosections of chemically fixed cells were immunolabeled. VAPs in the ultrathin sections had either a heptagonal appearance if the section was in the plane parallel to the cell surface and the base of the VAP or a triangular appearance if the section was in another plane (2) . As a result of labeling, the gold particles were arranged in either a quasi-heptagonal shape (Fig.  4D ) or along two sides of a VAP triangle (Fig. 4E) . As a control, thawed ultrathin cryosections of uninfected S. islandicus cells were labeled in a similar manner. No labeling of any specific structure was observed.
VAP Structure. We used EM of isolated VAPs to produce a detailed description of VAP structure, measuring images of 150 intact or partially disrupted VAPs. Independent of size, the geometry of all VAPs was identical, and represented a baseless pyramid with a heptagonal perimeter. Each of the seven faces of the pyramidal structure was an isosceles triangle (i.e., two sides of equal length). The two angles at the base of the pyramid were 74°± 8°, and the angle at the tip was 32°± 3°. The structure shown in Fig. 5A represents a VAP in closed form that was disrupted along only one seam between two of the seven faces. A 2D schematic of the VAP based on this image is presented in Fig. 5B ; its folding results in the 3D structure shown in Fig. 5C . The structure perfectly matches all of the EM images of the VAPs obtained from different angles.
The data derived from isolated VAPs allow us to conclude that the VAP is a baseless, hollow, pyramidal structure (Fig. 5C ). This interpretation agrees with earlier reports on VAP structure in vivo. Thin sections of infected cells suggest the presence of cytoplasm in the interior of the VAPs (SI Appendix, Fig. S2A ) (2) .
The VAPs in the analyzed preparation were isolated from a quasi-synchronous population of host cells at 10 hpi. Although the VAPs had identical geometries, they differed significantly in size. The lengths of the sides of the regular heptagonal perimeter of the VAPs measured in 150 images of isolated closed structures ranged from ∼15 nm to ∼175 nm. These structures were grouped into four size classes: class I, 0-50 nm (22% of VAPs); class II, 50-100 nm (25%); class III, 100-150 nm (47%); and class IV, 150-200 nm (7%) (SI Appendix, Fig. S4 ). The most likely mechanism underlying this observed size distribution and the low percentage of class IV structures appears to be the proximity of the latter to the open state. This suggestion is based on the measurements of the side lengths of 20 open VAPs, of which 95% were in the 125-to 180-nm range.
Overexpression of SIRV2-ORF98 in S. acidocaldarius. Although we identified P98 as the sole constituent of the VAPs, whether P98 was sufficient for the formation of the pyramidal structure was unclear. To examine this possibility and to exclude the involvement of any other SIRV2-encoded factors in VAP assembly, we expressed SIRV2-ORF98 heterologously in the hyperthermophilic archaeon S. acidocaldarius. This member of the genus Sulfolobus is resistant to SIRV2 and does not carry any extrachromosomal element or any genes homologous to those of SIRV2. For expression, we cloned SIRV2-ORF98 under the control of a maltose-inducible promoter in the pCMalLacS plasmid (5). Western hybridization revealed an ∼100-fold weaker signal than that produced by SIRV2 infection of S. islandicus (Fig.  6 A and B) . Remarkably, EM analysis of ORF98-expressing S. acidocaldarius cells demonstrated the presence of VAPs on the cell membranes (Fig. 6C ) that perforated the S layer and were similar in size and geometry to the VAPs of SIRV2-infected S. islandicus cells. The low number of observed VAPs (i.e., ∼1 in 100 cells) corresponded to the low level of ORF98 expression in S. acidocaldarius. Of note, we observed only closed VAPs in the heterologous system, whereas both closed and open states are present in natural virus-host system VAPs (2, 3).
Overexpression of SIRV2-ORF98 in E. coli. To exclude the possibility that some proteins common to members of the genus Sulfolobus are involved in VAP formation, and to further test the selfassembly capacity of P98, we expressed the SIRV2-ORF98 in E. coli. The gene was cloned under a lacS promoter into the pSA4 plasmid (6) . Expression was confirmed by Western hybridization, which indicated comparable efficiency of P98 production to that of SIRV2-infected S. islandicus cells (Fig. 7 A and B) . The presence of the recombinant P98 was detected primarily in the membrane fraction. To our astonishment, P98 not only was produced in E. coli, but also was capable of forming VAPs in these cells. EM analysis of thin sections of P98-expressing cells of E. coli at 3, 7, and 21 h after induction revealed the presence of many pyramidal structures on the inner membrane that protruded into the periplasmic space of the cell (Fig. 7 C and D) . The VAPs appeared to be similar in size and shape to those observed on the cell surface of SIRV2-infected S. islandicus and SIRV2-ORF98-expressing S. acidocaldarius (Fig. 7C) . Only closed VAPs were observed. At 3 h after induction, the majority of cells contained VAPs; however, the cells stopped growing almost immediately after induction, and the proportion of VAP-containing cells did not change significantly over the subsequent 21 h. In addition, the number of observed VAPs per cell did not change over time. The number of VAPs was generally very high and correlated with the expression levels of the viral gene. In most sections, >30 VAPs per cell were observed (Fig.  7D) . The formation of VAPs seemed to increase the surface area of the inner membrane, as well as the distance between the outer and inner membranes (Fig. 7 C and D) . 
Discussion
The discovery of the exceptional VAP-based virion egress system exploited by some archaeal viruses (2, 3) has drawn attention to the underlying molecular machinery. Our finding that the VAPs represent separate structural units that can be isolated and purified from the membrane fraction of infected cells is crucial to understanding the nature and formation of these remarkable structures. We achieved purification of VAPs by immunoprecipitation using antibodies against P98 of SIRV2, which was previously postulated to be a component of VAPs (4) .
We isolated and purified the VAPs from a quasi-synchronized culture of SIRV2-infected S. islandicus at the start of virion release. The majority of purified VAPs appeared to be intact. Each VAP comprised seven isosceles triangle-shaped faces that together formed a baseless pyramid. The angles of all VAP faces were 74°± 8°and 32°± 3°; however, the VAP diameters were heterogeneous. This heterogeneity most likely reflects the dynamics of VAP development in the cell culture analyzed. These findings suggest that VAP geometry does not change over the course of formation, and that VAPs grow via gradual expansion of the triangular faces. It is noteworthy that structures of ordered sevenfold symmetry are extremely rare in nature (7, 8) .
In addition to VAPs in the natural closed conformation, the purified preparation contained VAPs in the open state (Fig. 1) . These VAPs might have originated from perforated cells. Indeed, the population of infected cells that was used for VAP isolation contained a small proportion of perforated cells with open VAPs. Alternatively, "opening" of VAPs could have been caused by mechanical shearing during the purification process. The faces of VAPs in the open state were curved, most likely due to the characteristics of the opening process. Another characteristic feature of the open VAPs was their large size, with diameters exceeding 250 nm. This suggests that VAPs might need to reach certain dimensions before they can be opened.
Our analysis of VAP constituents revealed that the structure is composed of multiple subunits of a SIRV2-encoded protein, SIRV2-P98. Our analyses detected no lipid component. An absence of or very low proportion of lipids agrees with the fact that VAPs can be isolated as intact structures after extensive washing of the membrane fraction with detergents (Materials and Methods).
The discovery of SIRV2-P98 as the sole component of the VAPs leads us to suggest that archaeal viruses that encode homologs of this protein might explore the same egress mechanism as SIRV2. This suggestion is in line with the VAP-based egress of the virus STIV1 (3), the genome of which contains ORF-C92, which is highly similar in sequence to SIRV2-ORF98 (4). However, besides STIV1, only two other viruses are known to encode SIRV2-P98 homologs, both from the family Rudiviridae, to which SIRV2 also belongs (4).
We confirmed SIRV2-P98 to be the only constituent of the VAPs by heterologous expression experiments. Expression of SIRV2-ORF98 in both S. acidocaldarius and E. coli led to the formation of VAPs on cell membranes (Figs. 5 and 6) . These results also demonstrate that P98 is capable of self-assembling into pyramidal structures with sevenfold rotational symmetry. ORF98 was the only SIRV2 gene expressed in the mutant cells of S. acidocaldarius or E. coli. It is remarkable that the dramatic differences in the membrane composition and chemistry between bacterial and archaeal cells (9) did not affect the self-assembly of recombinant P98 into VAPs in vivo. The ability of P98 to form VAPs under the different conditions required for the growth of an hyperthermophilic, extremely acidophilic archaeon and a mesophilic bacterium is remarkable as well.
The VAPs formed by heterologous expression of SIRV2-ORF98 in E. coli and S. acidocaldarius were similar in size and shape to those formed in S. islandicus infected with SIRV2. However, in the heterologous systems, VAPs were never observed in the opened state, unlike in the natural system, where VAPs eventually open and cause perforation of the infected cell. These observations suggest that at least one special factor is required for the process of VAP opening, which is absent in S. acidocaldarius and E. coli. The nature and origin (viral or cellular) of this factor is unclear, however. Our results demonstrate that the rudivirus SIRV2 encodes one autonomous structure in addition to the capsid: the VAP. The virus-encoded constituents of both structures can self-assemble. The major capsid protein self-assembles into filaments with the same diameter as the native linear virion (10), and VAP protein P98 self-assembles into pyramids. These two autonomous structures have different functions, however. Whereas the former functions in DNA packaging and virus particle formation, the latter is specifically designed to release virus particles from the host cell. The molecular simplicity and elegance of the VAP design revealed in this study should aid further analysis of the elaborate molecular mechanisms of this unique virion release system in Archaea.
Materials and Methods
Virus and Host Strains. The SIRV2 virus stock was prepared and the S. islandicus LAL 14/1 strain grown as described previously (2) . Viral infection was performed as described previously (2).
VAP Isolation. S. islandicus LAL 14/1 cells infected with SIRV2 and uninfected controls were harvested at 10 hpi. The cells were disrupted using a French press, and the membranes were collected by centrifugation at 100,000 × g as described previously (4) . VAPs were isolated from the membrane fraction using anti-P98 antibody. The customized P98 polyclonal peptide antibody was raised in rabbit against a peptide corresponding to the C-terminal region of P98 and affinity-purified using this antigen (Eurogentec). The specificity of the antibody was tested by Western hybridization.
The antibodies were coupled to magnetic beads covered with protein A (Dynabeads Protein A; Invitrogen Dynal) in accordance with the manufacturer's protocol using nondenaturing elution. Alternatively, the membrane fraction was washed in 0.5% N-lauroylsarcosine (Sigma-Aldrich) and centrifuged at 100,000 × g, and the resulting pellet was used for immunoprecipitation.
Protein and Lipid Analysis. The protein fractions were loaded onto a 4-12% polyacrylamide Bis-Tris gradient gel (Invitrogen Dynal) using 2-(N-morpholino) ethanesulphonic acid SDS running buffer (Invitrogen Dynal), and the proteins were visualized using either SYPRO Ruby (Invitrogen Dynal) or Coomassiebased Instant Blue (Expedeon) staining. The presence of lipids in the samples was detected by overnight staining in Sudan Black (Sigma-Aldrich) in accordance with the manufacturer's protocol. MS analysis was performed as described previously (4) .
For Western hybridization, proteins were transferred onto a PVDF membrane. P98 was visualized using a 1:10,000 dilution of the anti-P98 antibody and peroxidase-coupled goat anti-rabbit IgG (Sigma-Aldrich) and the SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) on Amersham Hyperfilm ECL (GE Healthcare).
Negative Contrast EM and Immunolabeling of Isolated VAPs. Purified VAPs were absorbed to grids with carbon-coated Formvar films and negatively stained for 1 min with 2% (wt/vol) uranyl acetate. For immunocytochemistry, after absorption on the grids, the samples were incubated in PBS with 1% BSA and labeled with the anti-P98 peptide antibody. The antibody-labeled protein was detected using 10-nm Protein A-colloidal gold [Cell Microscopy Center (CMC), Utrecht University Medical Center]. All samples were observed on a JEOL 1200EX-II transmission electron microscope operated at 80 kV. Images were recorded and measured with an Olympus MegaView or KeenView CCD camera system using ITEM version 5.0 software (Olympus).
Cryo-EM of Isolated VAPs. Purified VAPs were spread on glow-discharged Quantifoil R2/2 grids and cryofixed in liquid ethane. The specimens were transferred to a Gatan 626 DH cryoholder and examined on a JEOL 2010F electron microscope operating at 200 kV. Images were recorded under lowdose conditions on a Gatan UltraScan 4000 digital camera with Digital Micrograph version 1.83.842v software (Gatan).
Immunolabeling of Thawed Cryosections. SIRV2-infected S. islandicus cells were fixed at 10 hpi with 4% formaldehyde in 0.1 M Hepes buffer (pH 6) for 5 h at 4°C. The cells were pelleted by low-speed centrifugation, embedded in 10% gelatin, cut into small blocks, and infiltrated in 2.3 M sucrose at 4°C. The blocks were mounted on aluminum pins and frozen in liquid nitrogen. Sections were cut with a nominal feed of 70 nm using a 35-degree angle diamond knife (Diatome) and a FC6 microtome (Leica Microsystems). A 1:1 mixture of 2.3 M sucrose and 2% methylcellulose was used to pick up the ultrathin cryosections.
Thawed sections were placed on Formvar and carbon-coated copper grids, and sections were blocked in 1% BSA and labeled with the anti-P98 peptide antibody and 10-nm Protein A-colloidal gold (CMC). Images were recorded on an Olympus KeenView CCD camera using ITEM version 5.0.
Resin Embedding of Sulfolobus Cells. S. acidocaldarius MR31 pSVA1059-infected and SIRV2-infected S. islandicus were fixed with 2.5% (wt/vol) glutaraldehyde in 0.1 M Hepes buffer (pH 6 and 7, respectively). Postfixation, dehydration, embedment in epoxy resin, sectioning, and transmission electron microscopy imaging were performed as described previously (2) .
High-Pressure Freezing and Freeze Substitution of E. coli. E. coli cells were taken up in capillary tubes (Leica) as described previously (11) . The filled tubes were placed into the cavity of a brass planchette (Agar Scientific), filled with 1-hexadecen, and immediately frozen with a BalTec HPM 010. Freeze substitution was performed in anhydrous acetone (EMS) containing 2% osmium tetroxide (Merck) and 2% water. Substitution was performed at −90°C for 24 h and then at −60°C and −30°C for 8 h each in an automated freeze substitution device (Leica Microsystems). After substitution, the temperature was raised to 0°C, and the samples washed with dry acetone and embedded stepwise in Epon and polymerized at 60°C for 48 h.
Plasmid Constructs and Transformation of S. acidocaldarius and E. coli. For the overexpression of P98 in S. acidocaldarius M31, SIRV2-ORF98 (NCBI RefSeq ID: NP_666583) was amplified from SIRV2 genomic DNA and cloned into the lacS gene locus in the pSVA5 plasmid (12) using the NcoI and BamHI sites. SIRV2-ORF98 and the araS promoter were transferred from pSVA5 to the pCMalLacS plasmid (5) using the NcoI and EagI sites, which yielded pSVA1059.
S. acidocaldarius M31 was transformed with pSVA1059. The preparation of competent cells, methylation of the plasmid, and electroporation were carried out as described previously (13) using a Bio-Rad Gene Pulser Xcell electroplater with 1-mm cuvettes at 1,500 V, 600 Ω, and 25 μF. The cells were regenerated in Brock medium containing 0.1% enzymatically hydrolyzed casein (tryptone; BD Biosciences) and 0.2% dextrin for 30 min at 75°C. The cells were then streaked onto selective Gelrite plates (Sigma-Aldrich) lacking uracil. After 5 d, a preculture from a single colony was grown under selective conditions, after which 50 mL of medium containing inducer (0.2% maltose) was inoculated with 1 mL of preculture and grown until an OD 600 of 1 was reached.
For the overexpression of SIRV2-ORF98 in E. coli Rosetta(DE3)pLys (Novagen Merck), the same gene was amplified from SIRV2 genomic DNA and cloned into the T7 promoter-driven expression vector pSA4 (6) using the NcoI and BamHI sites. The pSVA1051 vector contains an isopropyl β-D-1-thiogalactopyranoside-inducible promoter that was used for the expression a C-terminal His-tagged protein.
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